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Abstract: DNA double-stranded breaks (DSB) are among the most dangerous forms of DNA damage.

Unrepaired DSBs results in cells undergoing apoptosis or senescence whereas mis-processing of DSBs can

lead to genomic instability and carcinogenesis. One important pathway in eukaryotic cells responsible for

the repair of DSBs is non-homologous end-joining (NHE]). In this review we will discuss the interesting

new insights into the mechanism of the NHE] pathway and the proteins which mediate this repair process.

Furthermore, the general role of NHE] in promoting genomic stability will be discussed.
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Introduction

The human genome is constantly under assault from
agents generated from both inside and outside of the cell.
These assaults of the genome result in the generation of
tens of thousands of DNA lesions per day in each human,
with the most deleterious of these lesions being the DNA
double strand break (DSB) (1). Introduction of a DSB
can be mediated by a variety of means including those by
endogenous sources like reactive oxygen species generated
by cellular metabolism and replication associated errors
and exogenous sources including ionizing radiation and
chemotherapeutic agents (2). DSBs are also intentionally
generated during V(D)] recombination and class switch
recombination for the development of T- and B-cells
[reviewed (3)]. Unrepaired or misrepaired DSBs can
result in senescence, inducted apoptosis, or chromosomal
aberrations including translocations and deletions which
can result in a loss of heterozygozity. These chromosomal
aberrations are associated with genomic instability and
can ultimately result in carcinogenesis; therefore, it is of
the utmost importance that cells have a mechanism(s) to
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quickly repair DSBs. A number of highly efficient DSB
repair pathways have evolved in eukaryotic cells with non-
homologous end-joining (NHE]) likely playing the largest
role in DSB repair in humans (4). The NHE] pathway is
also essential for V(D)J recombination during T- and B-cell
lymphocyte development (3).

NHE] mediates the direct re-ligation of the broken DNA
molecule (5). It has the potential to re-ligate any type of
DNA ends and unlike the other classically studied DSB repair
mechanism, homologous recombination (HR), NHE] does
not require a homologous template for repair of the DNA
lesion. Since NHE] does not require a homologous template,
theoretically it is not restricted to a certain phase of the cell
cycle, whereas HR is believed to be only active during S and
G2 phases of the cell cycle when a homologous template via
the sister chromatid is available. The general mechanism of
NHE]J can be broken down into individual and sequential
steps which are: (I) DNA end recognition and assembly
and stabilization of the NHE] complex at the DNA double
strand break; (II) Bridging of the DNA ends and promotion
of end stability; (III) DNA end processing; and (IV) Ligation
of the broken ends and dissolution of the NHE] complex. In
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this review we will discuss each step of the pathway and the
interesting new insights into the mechanism of the NHE]
pathway and the proteins which mediate this repair process.
Furthermore, the role of the kinase activity of the DNA
dependent protein kinase catalytic subunit (DNA-PKcs) and
its possible role(s) in NHE]J will be outlined. Finally, the
general role of NHE] in promoting genomic stability and its
implications in cancer incidence will be discussed.

DNA end recognition and assembly and
stabilization of the NHEJ complex at the DNA
double strand break

The initial step in NHE] is the recognition and binding of
the Ku heterodimer to the DSB (6,7) (Figure 1A4,B). The
Ku heterodimer is composed of the Ku70 and Ku80 (also
called Ku86) subunits. Although there is little sequence
identity between Ku70 and Ku80, the two Ku subunits
show similar domain organization with each subunit
being composed of three domains: an amino-terminal von
Willebrand domain (vWA), a central Ku core domain, and
a divergent carboxyl-terminal region (8). The vWA and Ku
core domains are involved in the heterodimerization of the
complex. The carboxyl-terminal region of Ku70 contains
a SAF-A/B, Acinus and PIAS (SAP) domain which is likely
a DNA binding domain (9,10). The Ku80 C-terminus
forms a flexible arm which resembles a common protein
scaffold that is involved in protein-protein interactions (11).
Ku70/80 has been shown to localize to laser-generated
DSBs within seconds of their creation (6). The ability of Ku
to quickly localize to DSBs is likely due to its extraordinary
affinity (binding constant of 2x10” M™") for DNA ends, its
ability to interact with DSBs in a sequence independent
manner, and its abundant concentration (~500,000 Ku
molecules/cell) (8,12-14). Crystallographic studies of
Ku70/80 show that the heterodimer produces a ring-shaped
structure which can accommodate a double strand DNA
helix and allows the Ku heterodimer to slide onto the DNA
end (13). Furthermore, the crystal structure shows that
Ku binds to the sugar backbone of DNA and not to the
bases which explains the ability of Ku to bind to DNA in a
sequence independent manner.

Once the Ku heterodimer is bound to the DSB ends, it
then serves as a scaffold to recruit the other NHE] factors
to the damage site (Figure 1B,C). The Ku heterodimer
has been shown to recruit either directly or indirectly
the main NHE] factors, including DNA-PKecs (7), X-ray
cross complementing protein 4 (XRCC4) (6,15,16),
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DNA Ligase IV (15), XRCC4-like factor (XLF) (17), and
Aprataxin-and-PNK-like factor (APLF) (18-20) to DSBs
(Figure 1C). Terminal deoxynucleotidyl transferase (TdT)
associates directly with Ku, but TdT is only found in
lymphocytes and thus likely only plays a role in NHE] in
V(D)J] recombination (21). Much work has been performed
to delineate the key domains/residues responsible for
mediating the interaction between Ku and the other NHE]
factors. The most studied interaction is the one between
Ku70/80 and DNA-PKes. DNA-PKcs is a member of
phosphatidylinositol-3 (PI-3) kinase-like kinase family
(PIKK), which includes two other protein kinases that play
important roles in the cellular response to DNA damage,
ataxia-telangiectasia mutated (ATM) and (ATM and Rad3-
related (ATR) (22,23). Structurally the N-terminal region
of each member of the PIKK family is composed of HEAT
(Huntington-elongation-A-subunit-TOR) repeats which
likely serve as a protein-protein interaction interface (24).
The N-terminal region of DNA-PKcs contains a leucine
zipper which contributes to its innate DNA affinity (25).
The C-terminal region of the family contains a significant
amount of sequence similarity with the C-terminal region
of each protein containing a FAT (FRAP, ATM, TRRAP),
PI3 kinase, and a FATC (FAT C-terminal) domain (26).
The FAT and FATC domains surround the kinase domain
and likely play an important role in regulating kinase
activity of the PIKK family members (27). Structural
studies of DNA-PKcs show that the C-terminal domains
form a crown structure with the N-terminal portion of the
protein producing a pincer-shaped structure which forms
a central channel that likely mediates the ability of DNA-
PKecs to bind to dsDNA (28,29). Ku70/80 directly recruits
DNA-PKcs to the DNA ends to form the active DNA-PK
complex and the interaction between the two requires the
presence of DNA (30). Binding of DNA-PKcs to the DNA-
Ku complex results in translocation of the Ku heterodimer
inward on the dsDNA strand and ultimately results in
activation of the DNA-PKcs kinase activity. A number of
studies implicated that the extreme C-terminal 12 residues
of Ku80 mediated the recruitment of DNA-PKcs to DSB
ends (31-33). However, the Ku80 carboxyl terminus is not
required for the ability of DNA-PKcs to localize to laser-
generated DSBs in vivo suggesting that there are likely
multiple residues and/or motifs mediating the ability of
DNA-PKecs to interact with the Ku-DNA complex (34).
In vitro binding studies previously showed that Ku70/80
interacts with amino acids 3,002-3,850 in the C-terminal
region of DNA-PKcs (35). Recent experimental evidence by
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Figure 1 DNA end recognition and stabilization of the core
NHE]J factors. A. DNA double strand break (DSB) is induced;
B. Ku quickly binds to the ends of the broken DNA molecule;
C. Ku serves as a scaffold to recruit the core NHE] machinery to
the DNA DSB. DNA-PKcs, XRCC4, XLF, DNA Ligase IV, and
APLF are independently recruited to the Ku-DNA complex; D.
The core NHE] factors interact with each other to form a stable
complex at the DSB

our group shows that the N-terminal region of DNA-PKcs
is required for the ability of DNA-PKcs to interact with the
Ku-DNA complex (36). It is likely the central cavity formed
by the N-terminal region of DNA-PKcs results in DNA
threading through the channel and ultimately stabilization
of the DNA-PKcs-Ku-DNA complex (28,29). Predictions
from low resolution structure shows that Ku70/80 makes
multiple contacts with DNA-PKcs including contacts with
the N- and C-terminal regions of the protein; therefore, it
is likely that the N- and C-terminal regions of the DNA-
PKcs make contacts with Ku70/80, but that the N-terminal
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region is absolutely necessary for the ability of the protein
to interact with and/or be stabilized by the Ku-DNA
complex (37,38).

Ku physically interacts with the XRCC4-DNA Ligase
IV complex and recruits it to DNA ends iz vitro and in
vivo (6,16). XRCC4 directly interacts with the Ku70
subunit of the Ku heterodimer (6) whereas DNA Ligase
IV directly interacts with the Ku heterodimer, and this
interaction is mediated by the tandem BRCA1 C-terminal
(BRCT) domains found in C-terminus of DNA LigaselV,
in particular the first BRCT domain (amino acids 644-748)
(15,39). XLF interacts with the Ku heterodimer in a DNA
dependent manner and this interaction is mediated by the
heterodimeric domain of Ku and the C-terminal region of
XLF from amino acids 270-299 (17,40). Recently, it was
found that a conserved peptide between residues 182-191 in
the MID domain of APLF interacts directly with the vWA
domain of Ku80 (18).

XRCC4 may be a second NHE] scaffold responsible for
the recruitment of a number of NHE] factors to the DSB
ends; in particular it may play a role in securing the ability
of the processing enzymes to interact with the DSB region
(Figure 24). XRCC4 has no known enzymatic activity
and is composed of a globular head domain, an elongated
alpha-helical stalk, and C-terminal tail (41). XRCC4
homodimerizes and two dimers can make tetramers. The
best studied processing enzyme that XRCC#4 interacts with
is DNA ligase IV. DNA Ligase IV has a carboxyl-terminal
tandem BRCT domain and the linker region between the
two BRCT domains and second BRCT domain mediates the
interaction between DNA Ligase IV and the central alpha-
helical stalk of XRCC4 (42,43). DNA polymerase p is stably
recruited to DNA in the presence of both Ku and XRCC4-
Ligase IV (44). Similarly, the RecQ helicase family member
Werner (WRN) interacts with both Ku and XRCC4-Ligase
IV suggesting that XRCC4 in conjunction with Ku can
mediate the recruitment of processing enzymes to DSBs
(45-47). The polynucleotide kinase-phosphatase (PNKP)
interacts with XRCC4 via its forkhead-associated (FHA)
domain (48). This interaction is dependent on casein kinase 2
(CK2) phosphorylation of XRCC4. PNKP is phosphorylated
itself by AT'M on serine 114 and on serine 126 by ATM and
DNA-PKcs (49). Although phosphorylation at these sites
does not positively or negatively affect the ability of PNKP to
interact with XRCC4, PNKP recruitment to laser-generated
DSBs is impaired in cells deficient for DNA-PKcs and ATM
suggesting that phosphorylation of PNKP or a factor by
DNA-PKcs and ATM play a role in the ability of PNKP to
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Figure 2 DNA end processing. If required, a number of different processing enzymes can be utilized for making the DNA ends compatible

for ligation for the terminal step of the NHE] pathway; A. XRCCA4, likely in conjunction with the Ku heterodimer, may serve as a scaffold

required for the recruitment of specific DNA end processing enzymes. The XRCC4-Ku scaffold likely plays a role as a tool-belt where it

can choose which enzyme is required depending on the nature of the DSB; B. Complex DNA damage may be processed via the DNA-PKcs-

mediated recruitment of the nuclease Artemis and the processing of the complex damage may require ATM; C. Processing of the DNA ends

makes them compatible for ligation

localize to DSBs. However, it was also shown that PNKP
interacts with unphosphorylated XRCC4 through a lower
affinity interactions site (50). APLF has been reported to
have endo/exonuclease activity and it interacts with threonine
233 of XRCC4 in an FHA and phospho-dependent manner
(19,20,51). Similar to PNKP, aprataxin is a protein which
contains a FHA domain and interacts with XRCC4 in a
CK2-phosphorylated manner via its FHA domain (52).
Taken together, XRCC4% role in NHE] appears to be much
more complex than just basic recruitment of the terminal
ligase for the reaction to the DSB.

The prevailing model for NHE] has been a sequential
stepwise recruitment of each component or complex to
the DSB. Following recruitment of Ku to the DSB, DNA-
PKecs was believed to be first recruited to the DSB where
its kinase activity is activated. Next, Ku along with DNA-
PKcs recruited the processing enzymes to the DSB and
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lastly the XRCC4/Ligase IV complex was finally recruited
to mediate ligation of the DSB. However, this sequential
stepwise recruitment model may actually not be correct (53).
There is no question that Ku is the first NHE] factor to
bind to the DSB end and it is required for the recruitment
of all subsequent proteins to the DSB in vivo. However,
DNA-PKcs is not necessarily the next recruited to the DSB
and is not required for the recruitment of the other NHE]
factors to the DSBs as shown by the fact that localization
of XRCC4, DNA Ligase IV, and XLF to DSB is not
dependent on DNA-PKcs (6,53). The order of recruitment
of the factors outside of the Ku heterodimer may actually
be flexible and may depend on the complexity of the DNA
damage (54). Simple DSBs may be repaired rapidly only
involving the Ku heterodimer, XRCC4, LigaselV, and XLE,
whereas complex breaks requires DNA-PKcs and possibly
the activity of ATM.
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Figure 3 Bridging of the DNA ends and promotion of end
stability. A. Ku binding to the DSB protects and stabilizes the
DNA ends; B. DNA-PKcs can tether DNA ends via formation of
a synaptic complex; C. XRCC4 and XLF can produce a filament
which can bridge the two portions of the broken DNA molecule
and possibly stabilize them; D. XRCC4-XLF filament possibly in
complex with DNA-PKecs and Ku to produce a tightly regulated
DNA end protection complex

Finally, a number of factors have been believed to
stabilize the NHE] complex at DSBs including Ku, DNA-
PKcs, the kinase activity of DNA-PKcs, and XRCC4 (55).
Recently, it was shown that APLF may play a role in
assembly of the NHE] complex and that its main role may
be to promote the retention of XRCC4, DNA LigaselV,
and XLF at DSBs (18,56). It seems likely that a multitude of
protein-DNA and protein-protein interactions between the
NHE] factors stabilize the entire core complex at the DSB
(Figure 1D). Taken together, the recent data suggests that
there may be subcomplexes or subpathways of NHE] that
may mediate end-joining depending on the complexity and/
or nature of the DSB. Ku has been implicated to function
in a “tool belt manner” where it can recruit, depending
on the manner of the DSB, whichever enzymatic activity
that is required for repair of the DSB (57). It is likely that
XRCC4 may also play a role in the ability of the NHE]
complex to choose the correct enzymes to aide in the repair
of a specific break depending on the nature of the break and
the ends. It will be of interest to tweeze out what factors
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are required for specific damages and which proteins play
a role in stabilizing the repair proteins and required for the
processing of the damage.

Bridging of the DNA ends and promotion of end
stability

Upon the creation of a DSB, Ku70/80 binds to the DNA
ends and helps maintain their stability by protecting
them from non-specific processing (Figure 34). This is of
importance, as non-specific processing of ends could lead
to chromosomal aberrations and thus genomic instability.
Atomic force microscopy showed that Ku itself can hold the
two termini of a linearized plasmid in a synaptic complex
further suggesting that Ku can bind to and protect DNA
ends (58). Utilizing a live cell imaging approach, it was
shown that Ku80, but not the Mrel1-Rad50-Nbs1 complex
or the structural maintenance of chromosomes protein
1, is required for the positional stability of DSB ends in
asynchronized mouse cells (59). Ku’s role of protecting the
DSB ends may happen in all cell cycle phases as our group
has shown that the accumulation and dissociation kinetics
of Ku80 at micro-laser induced DSBs are independent of
cell cycle (60). Furthermore, it has been reported that Ku
deficient cells have severe chromosome instability when
these cells were irradiated in S phase (61). Taken together,
these data suggest that Ku70/80 plays a role at DSB ends
even when HR is the preferred repair pathway. Once Ku
recruits DNA-PKcs to the DSB ends, it has been shown that
the large DNA-PKcs molecule forms a distinct structure at
the DNA termini, which is likely to play an active role in
the formation of a synaptic complex that holds the two ends
of the broken DNA molecule together (62,63) (Figure 3B).
Small angle X-ray scattering (SAXS) analysis shows the
Ku80 C-terminal region may play a role in retaining DNA-
PKcs at DSB ends and keeping the DNA-PK complex in a
synaptic complex at the DSB site (64).

Recently, it has been shown that the XRCC4-XLF
complex forms a filament and this filament may also play a
role in bridging DNA ends. It was identified that XRCC4
via Arg54, Leu65, and Leull5 in XRCC4 directly interact
with the globular head domain of XLF, creating a head to
head interface between the two proteins (65). Structural
analysis showed that XRCC4 and XLF form super helical
filaments via alternating XRCC4 and XLF head domain
interfaces which are able to interact with DNA and bridge
broken DNA strands (66-68) (Figure 3C). The DNA
bridging activity of the XRCC4-XLF filament is consistent
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with its potential role in stabilizing the DNA ends. The data
suggests there may be tethering of DSB ends via Ku-DNA-
PKcs and possibly the XRCC4-XLF filament (Figure 3D).
A few questions instantly come to mind, including how such
a decision is made between DNA-PKcs and XRCC4-XLF
to stabilize ends, can DNA-PKcs and the XRCC4-XLF
filament bind to the same DSB, and is the decision between
the two dependent on the complexity of the break.

DNA end processing

The next step required, if necessary, is processing of
the DNA ends to create ligatable ends. Depending on
the nature of the break, different DNA end processing
enzymes may be required, including those that resect DNA
ends, fill in gaps, remove blocking end groups, and make
the ends ligatable. There is now a relatively long list of
enzymes which have been implicated in being important
for processing DNA ends for the NHE] pathway, including
Artemis, PNKP, APLF, Polymerases p and A, Werner
(WRN), aprataxin, and Ku. As stated above, most of the
DNA end processing enzymes are recruited to the DSBs
likely by a Ku-XRCC#4 scaffold (Figure 24). A number of
factors have been shown to remove blocking end groups in
order to make the ends of DSBs ligatable. First, DSB ends
can contain non-ligatable 5' hydroxyls or 3' phosphates.
PNKP is both a kinase and a phosphatase with the kinase
domain responsible for adding a phosphate to a 5' OH and a
phosphatase domain for removing 3' phosphate groups (69).
Apratxin is a member of the histidine triad family of
nucleotide hydrolases and transferases which catalyzes
the removal of adenylate groups covalently linked to 5'
phosphate termini (70). A surprising new discovery was
that Ku has enzymatic activity. Ku was shown to have
5'deoxyribose-5-phosphate (5'-dRP)/AP lyase activity (71).
Ku excises abasic sites near DSBs in vitro and this activity
was highest when the abasic site was within a short 5'
overhang at the DSB end.

The proteins implicated in resecting DNA ends for
NHE] include Artemis, WRN, and APLF. Artemis has
been shown to have a number of nucleolytic activities,
including a 5' endonucleases activity with a preference to
nick a 5' overhang which leaves a blunt duplex end, a 5' to 3'
exonuclease activity on single-strand DNA, and the ability
to remove 3'-phosphoglycolate groups from DNA termini
(72,73). Artemis activity in NHE] may require the binding
to and phosphorylation by DNA-PKcs and/or ATM (Figure
2B). DNA-PKcs mediated-phosphorylation of Artemis
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is required for its endonucleolytic activity (72). As stated
above, WRN interacts with both the Ku heterodimer and
XRCC4 and both proteins stimulate the 3" to 5" exonuclease
but not 3' to 5" helicase of WRN (45,47,74). APLF is an
endonuclease and a 3' to 5' exonuclease (19). None of the
other core NHE] factors modulate APLF nuclease activity
on ssDNA or DNA overhangs, however, in reconstituted
end joining assays APLF resects 3' overhangs to permit
ligation of DNA substrates by XRCC4-DNA Ligase IV (75).

When necessitated by the complexity of the breaks being
processed and ligated, filling of gaps of DNA are performed
by the family X polymerases which include DNA polymerases
p and A. Polymerase p and A each contain C-terminal
BRCT domains which are required for their function (76).
Polymerase p can perform template-dependent synthesis with
dNTP and rNTP. When in the presence of Ku and XRCC4/
DNA LigaselV, Pol p can polymerize across a discontinuous
template strand (77). Polymerase A has template-independent
activity and its lyase activity is functional which allows it to
remove a damaged base (78).

Ligation of the broken ends and dissolution of
the NHEJ complex

The final step in the repair of a DSB is ligation of the
broken ends by DNA LigaselV (Figure 4). DNA ligase IV
has activity on its own, but XRCC#4 stabilizes LigaseIV
which stimulates the ligation activity of LigaselV (79).
Furthermore, XRCC4 stimulates the activity of DNA
Ligase IV by promoting the adenylation of DNA Ligase
IV (79). DNA LigaselV can ligate incompatiable DNA
ends and ligate across gaps (80). XLF stimulates the activity
of activity of DNA Ligase IV towards mismatched and
noncohesive DNA ends (81-83). Recently, it was shown that
APLF stimulates ligation by XRCC4-DNA LigaselV above
that observed in the presence of only Ku70/80 (18).

There is not a lot known about the mechanisms
which regulate the dissolution of the NHE] complex
from the DSB ends. But, in the past few years a number
of studies have looked at the mechanisms required for
the ability of NHE] proteins to dissociate from DNA
damage which is believed to occur following completion
of repair. Studies with Xenopus egg extracts showed that
Ku80 is polyubiquitylated via K48-linkage by Skpl-Cull-
Fbxl12 which mediate the dissociation of Ku from DNA
and subsequently results in degradation of Ku by the
proteasome (84,85) (Figure 4C). Recent data with human
cells implicated that the E3 ubiquitin ligase RNF8 may
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Figure 4 Ligation of the DNA ends and dissolution of the NHE]
complex. A. Autophosphorylation and/or phosphorylation by ATM
mediate a conformational change of DNA-PKcs resulting in the
opening of the pincers of DNA-PKcs resulting in its release from
the DSB. It is not known if this occurs before or after the terminal
ligation step; B. Ligation of the DNA ends via DNA-Ligase IV. The
terminal ligation step is aided by XRCC4, XLE, and likely APLF; C.
Ku is likely stuck on the DNA molecule following the ligation step.
Ku may be released from the repaired DSB via ubiquitylation via
either Rnf8 or the SCF complex of Skpl-Cull-Fbx112 and results
in degradation of Ku; D. The DNA DSB is repaired

mediate the dissociation of Ku from DNA ends (86).
Depletion of RNFS8 resulted in prolonged retention of
Ku80 at laser-generated DSBs. The phosphorylation status
of DNA-PKecs likely mediates its dissociation from DSBs.
Inhibiting phosphorylation at serine 2056 together with the
threonine 2609 phosphorylation cluster alters the dynamics
of DNA-PKcs at DSB sites resulting in a rigid binding of
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DNA-PKcs to DNA ends iz vivo, which interferes with the
NHE] process (7). Finally, a solution structure of DNA-
PKcs obtained by small-angle X-ray scattering (SAXS)
revealed that autophosphorylation of DNA-PKcs induces
a conformational change which likely releases DNA-PKcs
from DNA ends (64) (Figure 4A4).

The role of DNA-PKcs kinase activity

As stated above, recruitment of DNA-PKcs to the DNA-
Ku complex results in translocation of the Ku heterodimer
inward on the DNA, likely to allow DNA-PKcs access to
the DNA end resulting in activation of the catalytic activity
of the enzyme (87). In the absence of Ku70/80 and DNA,
DNA-PKcs has no to limited kinase activity making it truly
a DNA dependent kinase (88,89). The kinase domain of
DNA-PKcs is surrounded by the FAT and FATC domains.
Both domains likely play an important role in regulating
the kinase activity of DNA-PKcs and low resolution
structures showed that binding to the Ku-DNA complex
induces a conformational change in each of these domains
and enhancement of DNA-PKcs kinase activity (37,38,90).
Deletions in the FAT'C domain of DNA-PKcs, ATM, and
ATR results in a significant decrease of kinase activity
suggesting that this domain is important for the activity of
the entire PIKK family (91-94). The conformational change
induced in the FAT and FATC domains upon interacting
with the Ku-DNA complex is predicted to result in the
alteration of the catalytic groups and/or the ATP binding
pocket of DNA-PKecs resulting in full activation of its
kinase activity. Two recent studies have also implicated that
the N-terminus plays a role in modulating the enzymatic
activity of DNA-PKcs (36,95). Deletion of the N-terminal
region of DNA-PKcs and N-terminally restraining DNA-
PKes results in spontaneous activation of its kinase activity.
The data suggests that the N-terminus keeps DNA-PKecs
basal activity low and that perturbation of the N-terminus
likely results in a conformational change which opens the
ATP binding pocket of the protein resulting in an increase
in basal kinase activity.

Although much is known about the mechanism
regulating the activation of the kinase activity of DNA-
PKcs, it is still not known what is the exact role the
enzymatic activity of DNA-PKcs plays in NHE]. It is
known that the kinase activity of DNA-PKcs is essential for
NHE] as inactivation of DNA-PKcs kinase activity via point
mutations or small molecule chemical inhibition results in
radiosensitivity and a defect in DSB repair (96). It has been
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shown that DNA-PKcs can phosphorylate a large number
of proteins in vitro including the NHE] factors Ku70/80,
XRCC4, DNA Ligase IV, XLF, WRN, and Artemis and
other DNA damage response proteins including H2AX and
p53 (5,97). However, the in vivo significance of DNA-PKcs-
mediated phosphorylation of these substrates is still not
clear. The best characterized DNA-PKcs substrate is DNA-
PKecs itself. A large number of the phosphorylation sites
are clustered in different regions of DNA-PKcs (98-101).
Two prominent phosphorylation clusters which have been
identified to be phosphorylated and autophosphorylated
in response to IR are the threonine 2609 (T2609) (98,102)
and serine 2056 (52056) cluster (103-105). Phosphorylation
of S2056 is a bona fide autophosphorylation site (104)
whereas phosphorylation of the T2609 cluster can be
phosphorylated by DNA-PKcs itself, ATM, and ATR
(105,106). Phosphorylation of these two clusters is
important for NHE] as mutation of phosphorylation sites
causes increased radiosensitivity and less efficient DSB
repair (99,102,104,107). Ablating phosphorylation of the
T2609 cluster and serine 2056 results in rigid binding of
DNA-PKcs to laser-generated DSBs in vivo suggesting
that phosphorylation at these sites mediates the ability of
DNA-PKecs to allow processing of DNA ends for NHE]
and/or its ability to dissociate from DSB ends (7). Single
angle X-ray scattering of a hyperphosphorylated form of
DNA-PKcs shows that phosphorylation of the enzyme
results a conformational change of the protein which
opens up the pincers of the molecule and thus illustrating
how phosphorylation of the protein may allow it to open
ends for processing (64). One phosphorylation site in the
kinase domain of DNA-PKcs, threonine 3950, has been
characterized (99). Ablation of this site by alanine (T3950A)
substitution does not affect the kinase activity of DNA-PKcs
but the phospho-mimic aspartic acid (13950D) substitution
results in ablation of DNA-PKcs kinase activity suggesting
that autophosphorylation in the kinase domain can regulate
the enzymatic activity of DNA-PKcs. Although much has
been learned about how the phosphorylation status of
DNA-PKecs regulates the functionality of the protein, it is
still of great importance to uncover the true substrates of
DNA-PKcs in vivo and the role of these phosphorylations
in NHE] and other DSB response.

The role of NHEJ in promoting genome stability

and cancer incidence

A fundamental feature of cancer is genome instability. The
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observation that an increase in cancer frequency is observed
in mice and humans with germline mutations in genes
that encode for proteins responsible for the response to
and repair of DSBs underlie the importance of DSB repair
proteins for protecting the genome (2). NHE] and its factors
have long been implicated in playing a role in maintaining
genome stability (4). Much of the work detailing the role
of NHE] factors in promoting genome stability have
been worked out using mice deficient in one of the NHE]
factors. Fibroblasts from mice deficient in Ku70 and
Ku80 show a high frequency of chromosome aberrations
including DNA breaks and non-reciprocal translocations
(108,109). Furthermore, translocations between DSBs
on different chromosomes was increased in the absence
of Ku70 in mammalian cells (110). Genomic instability
in Ku80 deficient mice was significantly increased in the
absence of p53 and these double knock-out mice developed
pro B-cell lymphomas and died within 3 months of age
(111,112). Ku70 deficient mice have a higher incidence in
thymic lymphomas (113). Mouse embryo fibroblasts (MEF)
from DNA-PKcs null mice display a higher frequency of
spontaneous chromosomal aberrations compared to wild-
type mice (108). A rapid onset of lymphomas and leukemias
was observed in mice with the DNA-PKcs scid mutant
background in the absence of p53 (114). In DNA-PKcs
mutant mice in which three phosphorylation sites in the
threonine 2609 cluster were ablated via substituting the
three amino acids with alanine resulted in hematopoietic
stem cell failure caused by excessive DNA damage (115).
XRCC4 and DNA ligase IV null mice die during
embryogenesis via massive neuronal apoptosis (116,117).
However, in a p53 null background which blocks apoptosis
in XRCC4 and DNA Ligase IV deficient mice, results in
the development of pro-B lymphomas (118,119). Finally,
mouse cells from Artemis deficient cells show an increase
in chromosomal aberrations (120). No spontaneous Ku
mutations have been found in humans suggesting that both
Ku70 and Ku80 are likely required for viability. However,
two human patients with primary defects in the DNA-PKcs
gene have been found. First, a patient with radiosensitive
T'B” severe combined immunodeficiency was found to have
a missense mutation (L3062R) in the DNA-PKcs gene (121).
This missense mutation did not affect overall kinase activity
or the DNA end binding capability of DNA-PKcs, but
it did affect overall end-joining. It was observed that the
L3062R mutation resulted in the inability of DNA-PKcs to
activate Artemis and possibly affect the ability of Artemis to
open hairpins for the completion of V(D)J recombination.

www.the TCR.org Transl Cancer Res 2013;2(3):130-143



138

Second, a patient with xeroderma pigmentosum (XP) was
also found to be radiosensitive due to a splice variant of
DNA-PKecs in which exon 31 was deleted (122). Only
clonogenic survival and DSB repair assays were performed
using cells obtained from the XP patient; therefore, it
is unknown how deletion of exon 31 affects DNA-PKcs
activity. Furthermore, studies with human clinical samples
have shown a correlation between DNA-PKcs activity
and genomic instability and cancer incidence. Dicentric
chromosomes and an excess in chromosomal fragmentation
increased as DNA-PKcs activity decreases and this decrease in
DNA-PKcs activity is associated with a risk in breast and cervical
cancer (123). Furthermore, a point mutation at threonine
2609 was identified in a breast tumor sample suggesting that
phosphorylation at the T2609 cluster may be important for
suppressing breast cancer (124). The role of DNA-PKcs in
cancer development and treatment was recently reviewed
in much greater detail (125). Cells from human patients
with inherited mutations in LigaselV are radiosensitive,
impaired in DSB repair, and have significantly elevated
numbers of chromosomal breaks after IR treatment
further showing its role in maintaining the human genome
(126). Also, polymorphisms within the DNA LigaselV
gene have been linked to a predisposition to multiple
myeloma (127). Cells from human patients with mutations
in XLF are also radiosensitive and display chromosomal
aberrations. And human patients with mutations in
Artemis have a predisposition to lymphomas (128).
Overall, it is clear that the NHE] pathway plays a significant
role in maintain genome stability and protecting the cell
from becoming cancerous.

Conclusions

In this review we summarized the interesting new
insights into the mechanism of the NHE] pathway and
the proteins which mediate this repair process. Although
these new insights have started to reveal mechanistically
how the NHE] factors are assembled and retained at the
DSB and allowed to mediate repair, these insights have
opened up new questions. New questions include are there
subcomplexes and/or subpathways of classical NHE] and
if so, what factors make up these subcomplexes, what type
of DNA DSB does each subcomplex repair, and what
mechanism(s) regulate the choice between the subcomplexes
for the NHE]J-mediated repair. Lastly, a clear requirement
for the kinase activity of DNA-PKcs in NHE] needs to be
elucidated.
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